Isonicotinic acid hydrazide (INH) 3 is one of a number The physical properties and activities of the purified of drugs used to treat Mycobacterium tuberculosis incatalase-peroxidase hydroperoxidase I (HPI) of Esch-fections. By contrast, INH is ineffective or has lower erichia coli (EcHPI) and HPI with a carboxyl-terminal efficacy when used against Mycobacteria other than extension of Mycobacterium tuberculosis (MtHPI-e) M. tuberculosis or M. bovis and is ineffective against are compared to those of commercial preparations of strains of Escherichia coli even at high concentrations. horseradish peroxidase (HRP). The catalase-peroxi-It has long been recognized that catalase-deficient dase proteins had similar absorption spectra and dif-strains of M. tuberculosis are resistant to treatment fered primarily in that MtHPI-e has a higher peroxi-with INH (1), but only recently has it been shown that datic to catalatic activity ratio than EcHPI. Trypsin either deletion (2) or point mutation (3) of the katG cleavage of MtHPI-e resulted in the formation of an gene gives rise to such a phenotype. In M. tuberculosis, active catalase-peroxidase lacking the carboxyl-ter-katG encodes the only catalase, which also has an assominal extension. The three enzymes, HRP, MtHPI-e, ciated peroxidase activity. This catalase-peroxidase is and EcHPI, mediated the isoniazid-and H 2 O 2 -depen-50% identical to hydroperoxidase I of E. coli (EcHPI) dent production of radical species, as detected by ni-which in turn has been shown to be related to the sutroblue tetrazolium reduction. A constant flux of H 2 O 2 , perfamily of peroxidase enzymes (4). consistent with the formation of several typical reac-mechanism of action for the drug based on in vitro tion intermediates, whereas the catalase-peroxidases studies of purified KatG and InhA proteins which sugexhibited no distinct spectral changes. The results sug-gest that INH must be oxidized in vivo to an electrogest that the sensitivity of M. tuberculosis to isoniazid philic species by the catalase-peroxidase. The INHmay be the result of isoniazid-dependent radical for-derived electrophilic species then binds irreversibly to mation by the catalase-peroxidase in the absence of a cysteine residue near the active site of InhA, thereby other catalase activities to remove substrate H 2 O 2 . preventing assembly of mycolic acids leading to cyto-᭧ 1995 Academic Press, Inc. toxicity (7). If this scheme is correct, other as yet unKey Words: catalase-peroxidase; Mycobacterium tu-identified cellular components may also be inactivated berculosis; Escherichia coli; isoniazid; free radicals; ni-or destroyed by KatG-generated free radicals through troblue tetrazolium. 
INH oxidation. E. coli does not synthesize mycolic acid Mechanism-based inactivation of HRP by radical species produced during incubation with phenylhydrazine, and possesses a second monofunctional catalase enzyme (HPII) which would remove H 2 O 2 before it could alkylhydrazines, and sodium azide has been shown previously (15) . For catalase, catalase-peroxidase, and potentiate INH toxicity, possibly explaining why E. coli is resistant to INH. Similarly, other INH-resistant My-HRP, the reaction cycle incorporates reaction [1] , but catalase enzymes preferentially reduce compound I via cobacteria have an additional catalase, providing an explanation for their resistance. Initial attempts to a one-step, two-electron reaction in which the substrate donor is usually a second molecule of hydrogen peroxcharacterize the role of INH in KatG-mediated cell toxicity were incomplete because crude cell extracts were ide. In the case of HRP, at high H 2 O 2 to donor substrate concentration ratios, as well as in the absence of donor used, but it was demonstrated that INH was taken up by M. tuberculosis and oxidized (1).
substrates, the normal peroxidase cycle partitions at compound II to react with H 2 O 2 (16) or radical species Diaz and Wayne (8) and, subsequently, GayathriDevi and co-workers (9) reported the purification of (17) , yielding a reversibly inactivated HRP species called compound III, or oxyperoxidase, at an oxidation KatG from M. tuberculosis and demonstrated that it had properties similar to horseradish peroxidase state of VI. This species may further react with radical species or other donor molecules to regenerate com-(HRP), including optimum pH and activities in the presence of various inhibitors and other reagents. pound I (17) . Additionally, compound I may react slowly under these conditions with H 2 O 2 to yield either The former report also showed that the catalase activity of KatG was inhibited in the presence of INH. a second (irreversibly) inactivated form of the enzyme known as compound IV (16, 18) , or to reduce compound More recently, it has been demonstrated that HRP (10), extracts derived from M. tuberculosis (11) , and I back to resting (ferric) HRP in a catalase (two-electron) reaction (15) , though the evidence for the latter human myeloperoxidase (12) can catalyze the INHdependent generation of radical species. Purified, is equivocal (14) .
In order to clarify the role of M. tuberculosis KatG plasmid-expressed M. tuberculosis KatG has also been used in mechanistic studies to confirm that oxi-protein in INH toxicity, we have compared properties of a M. tuberculosis KatG protein with a carboxy-terminal dized derivatives of INH generated by KatG include isonicotinic acid, isonicotinamide, and pyridine-4-extension (MtHPI-e), EcHPI, and HRP. We have also compared the ability of each enzyme to produce free carboxyaldehyde (13).
The general sequence of reactions for enzymatic radicals and monitored the susceptibility of each enzyme to inactivation, during incubation with INH in turnover of horseradish peroxidase with a hydrogen donor in the presence of H 2 O 2 is shown below: the presence of low levels of H 2 O 2 . The results confirm that the M. tuberculosis enzyme is more effective in the generation of free radicals than either EcHPI or HRP(III) / H 2 O 2 r HRP compound I(V)
[1] HRP, explaining, in part, its role in INH-mediated tox-HRP compound I(V) / AH 2 icity.
MATERIALS AND METHODS

HRP compound II(IV) / AH 2
Reagents. ing enzymatic turnover. The free radical products of Expression and purification of enzymes. The HPI proteins of E. coli and M. tuberculosis were expressed from plasmids pBT22 (20) the reaction may undergo various reactions depending and pAH1. The latter was constructed by insertion of the 2.9-kb on their chemistry, such as dimerization, reaction with EcoRV-KpnI fragment of plasmid pYZ55 (2), containing the M. tua neutral donor molecule, reaction with the enzyme berculosis katG gene into pSK / (Stratagene) where it was under itself, or reduction of molecular oxygen to superoxide control of the lac promoter. Restriction digestion, ligation, and clon-(14, 15). Radical production under these conditions may ing were as described by Maniatis et al. (21) . Plasmids were transformed into E. coli UM262 [recA katG::Tn10 pro leu rpsL hsdM hsdR also be monitored by including a suitable electron acendI lacY (22) ], lacking both HPI and HPII. EcHPI was isolated as ceptor such as nitroblue tetrazolium (NBT) in the reacdescribed (23) . MtHPI-e was isolated following basically the same tion mixture, as shown below:
procedure with the following modifications: (1) catalase activity was precipitated at 35 and 40% of saturation with (NH 4 ) 2 SO 4 , rather than at 20% (NH 4 ) 2 SO 4 ; (2) the resuspended, pooled fractions from rAH / NBT (NH 4 ) 2 SO 4 precipitation were incubated for 45 min at 42ЊC and centrifuged to remove additional precipitates prior to overnight dialysis; r AH / reduced NBT (formazan dye).
[4]
and (3) pooled and dialyzed fractions recovered from the anion-exchange column were loaded onto a Sephadex G-200 gel filtration column equilibrated with 50 mM potassium phosphate, pH 7.0, and eluted in 3-ml fractions. Catalase activity eluted with the first protein peak and fractions to be pooled were selected based on relative protein purity estimated by electrophoresis on SDS-polyacrylamide gels. Pooled fractions were stored frozen (080ЊC) either in potassium phosphate buffer or lyophilized. Lyophilized commercial HRP was resuspended in 50 mM potassium phosphate buffer, pH 7.0, with no further purification and stored frozen (020ЊC). Spectrophotometry. Absorbance spectra, time courses, and peroxidatic assays were performed using a Milton Roy MR3000 spectrophotometer. All experiments were performed at room temperature in 1-ml quartz, semimicro cuvettes. Proteins were normally diluted in 50 mM potassium phosphate buffer, pH 7.0, and the same buffer was used as a reference.
Activity assays and protein determination. Catalase activity was determined by the method of Rørth and Jensen (24), using a Gilson FIG. 1 . Polyacrylamide gel electrophoresis of HRP and the cataoxygraph equipped with a Clark electrode. One unit of catalase is lase-peroxidases. Running conditions and procedures were as dedefined as the amount that decomposes 1 mmol of H 2 O 2 in 1 min at scribed under Materials and Methods. MtHPI-e trypsin digests (30 37ЊC . Peroxidase activity was determined by the method described min) were done at an enzyme/protease ratio of 100 (w/w) at room in the Worthington Enzyme Catalogue (Worthington Chemical Co.), temperature. Protein was stained with Coomassie brilliant blue, Rmodified to be carried out in 1-ml assay volumes. lane 3, MtHPI-e, trypsin digest. Polyacrylamide gel electrophoresis and visualization of enzymatic activities. Gel electrophoresis of purified proteins was carried out under denaturing conditions on SDS-polyacrylamide gels as previously described (28, 29) . Gel electrophoresis was carried out under to be larger due to a polypeptide extension. The Nnondenaturing conditions according to Davis (30) usually complete between 30 min and 1 h, after which gels were differences from the published sequence or aberrant rinsed with distilled water and soaked in 7% acetic acid, 1% glycerol translation of the G-C rich mRNA in E. coli. Translaovernight before mounting. Bands usually intensified slightly during tion ending at the next termination site would give rise incubation. Incubation of gels for 16 h in the staining solution from to a 49-amino-acid extension at the carboxyl-terminal which NBT was omitted also resulted in band development, but the bands were much weaker than those seen using the complete stain-of MtHPI. Under nondenaturing conditions (Fig. 1B) , ing solution.
EcHPI exhibited the normal double band of charge isoforms corresponding in size to a dimer, while MtHPIe exhibited three bands also presumed to be charge
RESULTS AND DISCUSSION
isoforms. Fortuitously, the predicted sequence of
Characteristics of MtHPI-e and EcHPI Compared
MtHPI-e contains several closely spaced arginine and to HRP lysine residues in the region immediately following the usual final residue of the MtHPI which proved to be a Purified EcHPI and MtHPI-e were analyzed by electrophoresis on polyacrylamide gels (Fig. 1) . Under de-target for trypsin cleavage to generate a nearly native MtHPI. As shown in Figs. 1A and 1B, a protein band naturing conditions (Fig. 1A) , both proteins exhibited a predominant single band of protein with apparent with mobility comparable to EcHPI under both denaturing and nondenaturing conditions was obtained molecular masses of 82 kDa for EcHPI and 89 kDa for MtHPI-e. As unmodified EcHPI and MtHPI polypep-from cleavage of MtHPI-e with trypsin.
Staining for peroxidase activity in polyacrylamide tides have over 50% sequence identity and differ by only 11 amino acids in length, MtHPI-e was inferred gels may be accomplished by several techniques (31, an inactive component, its presence should not affect the peroxidase/catalase ratio or any of the subsequent results. It should be pointed out that previous purifications of wild-type MtHPI have reported A 408/280 ratios of 1.0 (9) and 0.37 (8); the latter value being the same as that for our purified MtHPI-e. Furthermore, the utility of a fusion protein has been demonstrated by Zhang et al. (2), who have previously shown a LacZ-MtHPI fusion to confer INH susceptibility on E. coli. This fusion protein has recently been reported purified, having a specific catalase activity of 494 U/mg and exhibiting three isoforms in nondenaturing PAGE (34). product (10, 11). Shoeb and colleagues (10) also observed that the presence of exogenous catalase caused an increase in the rate of NBT reduction by HRP and 33). An alternative peroxidase stain was suggested by the observation of Shoeb et al. (10) that HRP reacted a faster termination of the reaction rather than the expected cessation of reaction as catalase removed the with INH and H 2 O 2 to produce radical products that could reduce NBT to its purple formazan product. NBT substrate H 2 O 2 . They also confirmed that the presence of superoxide dismutase did not inhibit NBT reduction has been used for other activity stains on polyacrylamide gels including the superoxide dismutase stain in the INH-dependent reaction catalyzed by HRP.
Rate and Extent of INH-Dependent Generation of
To determine if the catalase effect on HRP was solely (31). Purified EcHPI, MtHPI-e, and HRP were stained with NBT-INH (Fig. 1C) , revealing bands that corres-the result of the lower [H 2 O 2 ], we varied the initial [H 2 O 2 ] and followed the INH/H 2 O 2 -dependent NBT reponded in location and intensity to the peroxidase bands visualized using the diaminobenzidene stain duction by HRP (Fig. 3A) . Two distinct patterns of NBT reduction were observed depending on the [H 2 O 2 ]. At (Fig. 1D) . As expected the catalase activity (Fig. 1E) (15) . The maximal initial slightly broader and the 639 nm band of EcHPI (and HRP) was positioned at 628 nm in MtHPI-e. By con-reaction rate of NBT reduction with 100 mM H 2 O 2 added was estimated to be 9 nmol/min/ml.
[NBT] was varied trast, the Soret band of HRP was located at 404 nm, and there were more sharply defined maxima at 510 from 20 to 600 mM to determine whether efficiency of the reaction could be improved by reducing the probaand 639 nm.
The specific activities for the various enzymes listed bility of any side reactions of the radicals generated.
Apart from a marginal increase in the rate of the initial in Table I reveal that the peroxidase/catalase ratio for MtHPI-e is 50% higher than the similar ratio for phase of reaction at lower [NBT] (20 mM), varying the [NBT] had no effect over the concentration range EcHPI. The possible importance of this in H 2 O 2 -dependent radical production will be discussed below. The tested. In addition, the reaction was monitored in the presence of superoxide dismutase (1.5 U), added both A 408/280 ratios are also presented in Table I and reveal a lower ratio for MtHPI-e than for EcHPI, suggesting prior to and following the initiation of NBT reduction, to ensure that superoxide anion radical was not a sigthat approximately 25% of the MtHPI-e lacks heme. This is consistent with the minor upper protein band nificant proportion of the radicals produced. No decline in reaction rate was observed in the presence of superin the nondenaturing gels (Fig. 1B) that is inactive in both the catalase-and the peroxidase-stained gels. As oxide dismutase for these experimental controls. Fig. 3B . The initial rate of reduction was proportional to INH conGeneration centration and there was no evidence of termination Our initial attempts at evaluating the capacity of of the reduction at higher INH concentrations. This MtHPI-e and EcHPI to mediate the oxidation of INH, suggests that the termination of radical production via the NBT reduction assay used for HRP, were conseen for HRP observed in Fig. 3B is dependent of 0.092 and 0.58 s 01 for EcHPI and MtHPI, respec-properties, which we believe provide good support for the likelihood that they produce similar radical species. tively. The rate of NBT reduction by MtHPI-e increased with the addition of more enzyme, indicating Two further explanations for the greater radical production by MtHPI-e include the possibility that INH is that the rate of H 2 O 2 formation was not limiting under these conditions. However, the addition of more than a more effective substrate for MtHPI than for EcHPI, and the possibility that EcHPI is more susceptible to 100 peroxidase units of HRP did not elicit further increases in the initial rate of reaction. Similar to the inactivation by INH-derived radicals. The latter possibility will be discussed below. slowing of the NBT reduction rate upon single addition of H 2 O 2 (Fig. 3) , the rates of NBT reduction also declined over time in the presence of a continuous Spectral Evaluation of INH Oxidation Mediated by flux of H 2 O 2 . As the rate of generation of H 2 O 2 was
MtHPI-e, EcHPI, and HRP confirmed to be stable for at least 15 min under the conditions employed, this phenomenon may be attrib-
The incubation of the compound II form of HRP with INH resulted in spectral shifts, including a uted to either a progressive inhibition of the radical generating reaction(s) or the establishment of a steady bleaching of the Soret band, suggestive of heme splitting which would be synonymous with inactivation state of formation for the radical species present.
The finding that all three enzymes mediate the oxi-(10). It was unclear whether the decline in radical production in the presence of a constant flux of H 2 O 2 dation of INH to yield radical species is not surprising in view of their common peroxidase activity. What is (Fig. 4) was the result of the establishment of a steady state or of a progressive inhibition of the reacof more immediate interest is the finding that the MtHPI-e supports a higher rate of radical generation tion(s) involved in the generation of radicals possibly by enzyme inactivation. To address this, we monithan do either HRP or EcHPI under conditions of constant peroxide flux. The catalytic activity responsible tored both the spectra and the peroxidase activities of MtHPI-e, EcHPI, and HRP before and after expofor the INH-dependent generation of radicals captured by NBT is not directly proportional to the o-dianisidine sure of the proteins to the peroxide-generating system, in the presence and absence of INH. peroxidase activity among the three enzymes. MtHPI has a 10% higher peroxidase specific activity than
The absorption spectra of the enzymes before and after a 10-min incubation with the constant flux of EcHPI, but causes NBT reduction to a threefold higher level, which could, in part, explain the ability of MtHPI H 2 O 2 from glucose oxidase/glucose with and without INH are shown in Fig. 5 . In the absence of INH, there to enhance INH sensitivity of Mycobacteria and confer INH sensitivity on E. coli (2). Early in the reaction is a red shift of the Soret band of HRP to 418 nm, combined with the disappearance of the band at 639 there will be a partition of the enzyme between catalatic and peroxidatic modes at compound I (the en-nm and appearance of maxima at 550 and 580 nm (Fig.  5A ). These spectral shifts are indicative of the formazyme-H 2 O 2 complex) resulting in the eventual establishment of a steady state. In the case of MtHPI-e, the tion of compound III or oxyperoxidase, a reversibly inactivated form of the enzyme that is typically observed proportion of peroxidatic (and derived radical formation) to catalatic activity will be greater than for at high peroxide-enzyme ratios or in the presence of certain electron donors (16) . In the presence of INH, EcHPI. However, a simple disproportion of peroxidatic to catalatic activities is not a sufficient explanation be-however, the Soret band was markedly reduced in intensity as well as red-shifted to 418 nm, and a broad cause an E. coli HPI mutant with a peroxidatic to catalatic activity ratio similar to MtHPI-e (Table I, 22) was band at 530 nm with a shoulder at 550 nm, as well as a peak at 670 nm, appeared. The maximum at 670 nm no more effective in the INH-dependent generation of radicals than the wild-type MtHPI. It may also be ar-is indicative of the formation of compound IV or P670, a second, irreversibly inactivated form of the enzyme gued that the three enzymes examined mediate production of different types of radical species, resulting in (15), while the peak with the shoulder at 530 nm suggests the presence of HRP compound II, or ferryl form different rates of NBT reduction. The products of reaction of INH with MtHPI have been identified as isoni-of the enzyme. The decline in the intensity of the Soret peak is indicative of a major perturbation of the eleccotinic acid, isonicotinamide, and pyridine-4-carboxaldehyde, consistent with a scheme of enzymatic oxida-tronic structure of the heme, attributable to either heme modification or degradation. Indeed, the heme of tion of INH potentially involving hydrazide radical, diazenyl radical, and an acyl radical (13). As NBT re-HRP has been shown to be susceptible to reaction with phenylhydrazine-derived radicals, resulting in a simiduction cannot be used to distinguish between these radicals, the relative reaction rates of the individual lar spectral change (35).
Because a fast peroxidatic mode of reaction was not radicals with the acceptor cannot be estimated. However, the catalase-peroxidases examined in this study observed for HRP and because compound III and IV forms of the enzyme were observed, the involvement of exhibit many similarities in their physicochemical INH as an electron donor may therefore result in the partition of HRP compound II into the oxidatic mode and to accelerate the decay of compound III to compound I for reinitiation of the cycle. This may protect the HRP from further inactivation but may also be the reason for the significantly slower generation of radicals from INH compared to the MtHPI-e protein.
The spectra obtained for EcHPI and MtHPI-e (Figs. 5B and 5C) in presence of the peroxide-generating system, with and without INH, did not show spectral changes as distinct as those seen for HRP. In the absence of INH, the Soret peak and the band at 639 nm intensified slightly, while the 500-nm broad band declined in intensity. A similar type of spectral shift has been observed in the visible region of the spectrum for purified recombinant ascorbate peroxidase, when a stoichiometric amount of H 2 O 2 was added to the enzyme (36) . The presence of INH resulted in the formation of a broad band around 510 nm and a slight decline in the intensity of the peak at 639 nm for both enzymes. MtHPI-e showed no change in intensity of the Soret peak, whereas EcHPI showed a slight decline in the intensity of the same peak. These spectral changes suggest that the hemes of the catalase-peroxidases do not undergo major electronic perturbations or modification during reaction with H 2 O 2 and INH under the conditions chosen. It should be pointed out, however, that the partition between the one-step, two-electron reduction of compound I via the catalatic cycle and the twostep, one-electron reductions of compound I via the peroxidatic cycle favors the former cycle's steady-state intermediate(s). This caveat requires these spectral results to be interpreted with appropriate caution.
As noted above, one possible explanation for the lower rate of INH-dependent radical production by modification of the gene for the target protein such that InhA fails to covalently bind to INH-derived radicals, or inactivation of the gene for the prodrug activator (MtHPI) such that production of INH-derived radicals EcHPI is that the enzyme is more sensitive to inactivation by INH-derived radicals. While the lack of signifi-is eliminated or reduced, are two of the major determinants in strains of M. tuberculosis acquiring INH-resiscant spectral changes argued against this possibility, changes in the o-dianisidine activity were assayed dur-tant phenotypes. ing incubations with a constant flux of H 2 O 2 in presence and absence of INH (Table II) . There was a slow INH-ACKNOWLEDGMENTS dependent drop in HRP peroxidase activity of 24% over
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